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Bilayered skin equivalents, composed of a sheet of 
epidermal cells overlying a collagen lattice populated 
with fibroblasts, quickly become structurally integrated 
with the surrounding host skin after grafting to Lewis 
rats. Three days after transplantation, the skin equiva-
lent lies on a bed of host granulation tissue and is loosely 
attached to the adjoining host dermis. Blood vessels 
begin to invade the collagen lattice by 5 days after 
grafting. By the 7th day a fully keratinized, hyper-
trophic epidermis covers the surface of the graft and 
blood vessels penetrate the lattice to the base of the 
epidermis. Vascularization of the graft is accompanied 
by activation and proliferation of the fibroblasts and by 
a condensation of the collagen matrix. During the 2nd 
week after grafting, the collagen fibrils become or-
ganized into thin fibers that show a basketweave pattern 
of birefringence when examined using polarized light. 
By 1 month the structure of the skin equivalent has 
become stabilized. The fibroblasts now resemble the 
quiescent fibrocytes of normal, resting dermis and the 
epidermis remains moderately hypertrophic. One to two 
years after grafting to Sprague-Dawley rats, the skin 
equivalents do not appear hypertrophic. The graft lacks 
secondary derivatives such as hair follicles and sweat 
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glands, presumably because the stem cells are lost during 
the isolation of the epidermal cells. Grafts that are pre-
pared using epidermal cells overlying a collagen gel 
without fibroblasts give rise to raised, linear scars 
within 2 weeks. 
Since t he epidermis plays a vital role in protecting the body 
from dehydration and infection, many laboratories concerned 
with t he development of a skin replacement have focused on 
the preparation of epidermal sheets suitable for grafting. Epi-
dermal sheets have been cultured directly on plastic dishes 
[1], on layers of lethally irradiated fibroblasts [2], or on pieces 
of nonviable, porcine dermis [3,4]. Although epidermal sheets 
quickly attach to t he graft bed and provide a temporary covering 
for the wound, a thin layer of dermis must be present eit her in 
the graft bed or underlying the epidermis in order to inhibit 
wound contraction [5,6]. A nonliving, synthetic substitute [7,8] 
could be readily available in an emergency but the cross-linked 
collagen must be degraded and replaced by invading host cells. 
Efforts in our laboratory have therefore concentrated on the 
development of a living, bilayered, skin substitute, called a 
"skin equivalent." 
We have synthesized a living dermal equivalent in vitro by 
combining fibroblasts with collagen, serum, and tissue culture 
medium [9]. The collagen gels quickly at neutral pH and t he 
fibrobla_sts actively contract the network of collagen fibrils, 
expressmg flllld, to form a t issue-like lattice with coherence 
and tensile strength [10]. A bilayered skin equivalent is then 
formed by adding a suspension of epidermal cells to t he surface 
of the lattice. T he epidermal cells attach, proliferate, and 
differentiate to form a multilayered epidermis. Skin equivalents 
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constructed using cells from the potential graft recipient have 
been grafted onto experimental animals, including rats, rabbits, 
and guinea pigs [10,11]. We have examined t he sequence of 
histologic changes associated with the integration of skin equiv-
alents on rats and compared them with t he corresponding 
pattern of changes associated with sk in autografts (12-15] . 
MATERIALS AND METHODS 
Small pieces of skin were removed from the backs of male Lewis rats 
(Charles River Breeding Laboratories). T hese biopsies were trimmed 
of extraneous fat, cut into 2- to 3-mm3 pieces and placed in Lux t issue 
culture dishes. T he fibroblasts t hat grew out of t he biopsies were 
cultured in Dulbecco's modificat ion of Eagle's minimal essentia l me-
dium supplemented wit h 10% feta l calf serum, penici llin, :.;treptomycin, 
and fungizone (Flow Laboratories, Inc.) in a 10% C02 atmosphere at 
37•c. Collagen lattices were prepa red as described previously [9]. 
Brie£1y , 6-10 x 105 ce lls were combined in a 100-mm plastic dish wit h 
concentrated Eagle's minimal essentia l medium plus 10% feta l calf 
serum, antibiotics, and 6 mg of rat ta il tendon collagen in a 1:1000 
dilution of acetic acid in water; this mixture had a final volume of 15 
mi. Within a week t he fib roblasts had contracted the collagen lattice 
by 60- 70% and a suspension of epidermal cells dissociated from a fresh 
biopsy according to the methods of E isinger et al [16] was layered onto 
t he surface of t he lattice at a density of 3-6 X 10' cells/cm2 • After 
addition of the epidermal cells, culture medium was changed to Eagle's 
minimal essent ial medium and cholera toxin at 10- 'o M, epidermal 
growth factor at 20 i<g/ml, and hydrocortisone at 0.4 ~<g/ml were added 
to promote the growth of epidermal cells [17]. Within a week the 
epidermal cells formed a confluent sheet on the surface of the collagen 
lattice and the skin· equivalent was ready fo r grafting. To determine 
whether t he fibroblasts played an essential role in maintaining t he 
structural and funct ional integri ty of t he skin equivalent, collagen 
lattices were prepared using t he same protocol but without adding 
fib roblasts. Epidermal cells at the same density as before were layered 
onto the surface of t he collagen gel. The gel contracted slightly after 
addition of t he epidermal cells, but remained flim sy and difficult to 
handle. 
The recipient male Lewis rats were anesthetized with sodium phen-
obarbitol. A graft bed approximately t he same size as the lattice (25-
35 mm in diameter) was prepared by removing t he full t hickness of 
skin from the back of the animal. T he lattice was placed in the wound, 
overlapping the edges, and covered with a Telfa pad impregnated with 
petroleum jelly and a Telfa pad soaked in Earle's salt solu t ion [18]. 
These bandages were covered by wrapping the body with severa l layers 
of E lastoplast (Biersdorf, Inc., Sout h Norwalk, Connecticut). At time 
intervals ranging from 3 days to 1 month afte r the lattice was originally 
applied, the entire graft was excised together with a thin band of 
surrounding normal ski n. After fixation in 10% formalin in phosphate-
buffered saline, the graft was rinsed overnight in tap water, dehydrated 
in ethanol, cleared in toluene, and embedded in Paraplast Plus (Amer-
ican Scienti fic Products, McGans Park, Illinois). Sections approxi-
mately 7 llm in thickness were cut using a rotary microtome and were 
stained with hematoxylin and eosin . With t he exception of the single 
3-day graft, 3-5 grafts were examined for each t ime point. Bilayered 
skin equivalents were rinsed twice with phosphate-buffered saline, fixed 
in 10% formalin, and embedded in Paraplast to demonstrate their 
structural organization. 
Since male Sprague-Dawley rats are large, healthy, outbred rats, 
they were used fo r the long-term studies of the structural integrat ion 
of t he skin-equivalent rats. Each skin equivalent was constructed using 
fibroblasts and epidermal cells from t he potential graft recipient to 
minimize the possibility of immune rejection . Two grafts were removed 
at 1 and 2 years, fixed in phosphate-buffered saline and processed as 
described above. 
RESULTS 
As shown in Fig 1, the skin equivalent at t he t ime of grafting 
is composed of a multilayered epidermis overlying a collagen 
lattice populated with fibroblasts. Within 3 days after grafting, 
the skin equivalent becomes loosely attached to the surrounding 
host t issue (Fig 2). The graft lies on a bed of host granulation 
t issue and its edges are connected to the neighboring dermis by 
a t hin band of fibroblasts. The migrat ing epidermis of the 
adjoining skin and the skin equivalent are separated by a 
narrow wedge of the collagen lattice. The grafted epidermis 
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F IG 1. At t he t ime of grafting, t he multilayered epidermis (E) 
overlies a meshwork of collagen fibril s populated with fibrobl asts 
(arrowheads). The basal epidermal cells appear cuboidal, whi le t he 
more apical cells form fl attened sheets, indicat ing t hat the keratino-
cytes are begin ning to differentiate afte r 7 days in vitro. A few rounded, 
nucleated keratinocytes adhere to t he apical surface of the surface, a 
sign of incomplete keratinization. Bar = 0.05 mm. 
FIG 2. Three days afte r grafti ng to a Lewis rat, this skin equivalent 
has become loosely attached to the adjoining host skin. A tongue of 
epidermis (arrowhead) extends from the host skin onto the surface of 
t he skin equivalent; a flap of t he collagen lattice (L), which overlapped 
the edge of the skin at the time of grafting, has dried out and will be 
separated from t he rest of t he skin when t he tongue of epidermis 
(arrow) fro m t he skin equivalent meets the host epidermis. The grafted 
skin equivalent (SE) has separated slight ly from the underlying bed of 
host granulation t issue (GT), presumably as a result of mechanical 
shear during the biopsy or subsequent processing steps. Bar = 0.33 
mm. 
shows occasional discontinuities and the superficial epidermal 
cells appear rounded, rather than flattened and cornified (Fig 
3a) . At this time the skin equivalent is still protected from 
dehydrat ion by the moist bandages. Granulocytes occasionally 
appear just below the epidermis (Fig 3b ); a mild, transient 
inflammatory response has been observed by Medawar [12] 
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FIG 3. a, The superficial epidermal cells of this 3-day graft remain 
rounded and irregularly shaped (arrowheads), although the granular 
layer has differentiated (arrow). The epidermis is 21/2 times as thick as 
the epidermis before grafting (Fig 1), indicating rapid proliferation of 
the epidermal cells in vivo. Bar = 0.05 mm. b, The fibroblasts (F) of 
the 3-day graft appear as small, well -separated dots within a loose, 
fibrillar network of collagen. The only signs of inflammation are the 
occasional granulocytes (G) located just below the epidermis (E) . Blood 
vessels (B V) have begun to invaginate into the base of the collagen 
lattice. Bar= 0.1 mm. 
and others [14,15] in conventional full- or split-thickness 
grafts. A few blood vessels have begun to invaginate into the 
collagen lattice at t he base of the graft (Fig 3b ). The widely 
separated fibroblasts have small, heterochromatic nuclei and 
li ttle cytoplasm (Fig 3a,b). In the 5-day graft the fibroblasts 
that surround the invaginating blood vessels have enla rged, 
euchromatic nuclei and prominent, basophilic cytoplasm (Fig 
4a). In t he more apical regions of the collagen lattice (Fig 4b ), 
the fibroblasts resemble t he condensed cells characteristic of 
the 3-day graft (Fig 3a). In these early grafts the collagen forms 
a loose meshwork of randomly oriented fibrils (Fig 3a); al-
though small bundles of collagen fibrils are a ligned adjacent to 
t he fibroblasts in the original lattice, the fibrils do not show a 
basketweave pattern of birefringence when examined using 
polarized light [10]. The fibroblast density increases progres-
sively following grafting, as shown in Figs 1, 3a, and 4b, which 
demonstrate the increase from zero to 5 days after grafting. 
By 7 days after grafting, dilated capillaries penetrate the 
.· 
. .... , 
FIG 4. a, Blood vessels (BV) penetrate the base of this 5-day graft. 
The enlarged fibroblasts (F) in the vicinity of these blood vessels are 
characterized by euchromatic nuclei and basophilic cytoplasm. Bar = 
0.25 mm. b, The fibroblasts in the apical, unvascularized region of this 
5-day graft remain condensed. An exudate of inflammatory cells over-
lies the epidermis. Bar= 0.05 mm. 
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FIG 5. a, Blood vessels {BV) extend through the width of this 7-day graft. Vascula rization of the skin equ ivalent has been accompanied by a 
condensation of the collagen matrix; this graft is half t he width of t he 3-day graft shown in Fig 3b. The hypertrophic epidermis is fully keratinized; 
thin scales of cornified cells have separated from the surface of t he graft (arrows) . SE = skin equivalent. Bar= 0.1 mm. b, The fibroblasts (F) 
of t his 7 -day graft characteristically have enlarged, euchromatic nuclei and prominent, basophilic cytoplasm. Bar = 0.02 mm. 
entire width of t he collagen lattice (Fig ·sa). The onset of 
vascularization is accompanied by a striking reorganization of 
the graft itself. Squames of keratinized cells have separated 
from the moderately hypertrophic epidermis, indicating that 
the epidermis has become fully differentiated and functional 
(Fig 5a). T he majority of the fibroblasts appear activated, with 
en larged, euchromatic nuclei and prominent, basophilic cyto-
plasm (Fig 5b ). Concurrently, t he collagen matrix has become 
compressed or condensed, for it is half as thick as the unvas-
cularized, 3-day graft (compare Fig 5a with Fig 3b ). As seen in 
the section of a 9-day graft shown in Fig 6a, fibroblasts in 
regions of the graft that have not become vascularized are not 
activated and the collagen matrix is not condensed. Although 
the epidermis overlying the avascular region of the 9-day graft 
has become separated from t he collagen lattice, the epidermis 
appears fully differentiated (Fig 6b ). 
By 14 days after grafting, the collagen of the lattice has 
become organized into t hin fibers (Fig 7a). When examined 
with polarized Light, t he fibers show a basketweave pattern of 
birefri ngence (Fig 7b). While the basketweave pattern resem-
bles that found in normal reticular dermis, the collagen fibers 
in the graft are much thinner and more t ight ly packed than in 
the adjacent normal skin (Fig 7 b) . Although the graft still 
contains a high density of fibroblasts and blood vessels, the 
capillaries no longer appear greatly dilated. 
The basic organization of the graft has become established 
by 30 days (Fig 8) . The graft lacks secondary derivatives such 
as· hair follicles and sweat glands, presumably because their 
stem cells are lost during t he isolation of the epider,rnal cells. 
The epidermis remains hypertrophic, 9- 12 cells thick (Fig 9a), 
as compared with t he 3-5 cells of normal rat epidermis (Fig 
9b) . The fibroblast density remains high, but t heir heterochro-
matic nuclei and scanty cytoplasm closely resemble those of 
normal, resting dermis (compare Fig 9a and 9b). 
When we added a suspension of epidermal cells to the surface 
FIG 6. a, For some unknown reason a region of this 9-day graft has 
not become vascularized; this region (arrow ) shows neither an increase 
in fibroblast density nor a condensation of the collagen matrix. Bar = 
0.22 mm. b, In t his higher-magnification micrograph of t he avascular 
area shown in Fig 6a, t he fibroblasts (arrowhead) remain condensed, 
resembling those of the 3-day graft (Fig 3b ). By contrast t he fibroblasts 
of t he vascularized region (arrow) appear enlarged and activated. T he 
overlying, fully diffe rentiated epidermis has become partially separated 
from t he avascular region, suggesting a relatively loose attachment to 
the dermis. Bar = 0.1 mm. 
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FIG 7. a, Fourteen days after grafting the surface of the skin equiv-
alent is covered by a hypertrophic epidermis and the collagen has 
become organized into thin fibers. Bar = 0.1 mm. b, This light mtcro-
graph of the border between host skin and a 14-day graft was taken 
using polarized light. The collagen fibers of the normal, reticular dermis 
(arrow) form a thickened basketweave pattern. The collagen fibers of 
the graft (arrowhead) also form a basketweave pattern, but they are 
thinner and more tightly packed. Bar= 0.05 mm. 
of a collagen gel prepared without fibroblasts, the epithelial 
cells attached and spread during the initial 24 h. After 3-4 days 
in culture, however, the epidermal cells tended to round up, 
adhering loosely to the collagen matrix, and never formed a 
continuous sheet. After the addition of the epidermal cells, the 
collagen gels contracted slightly and began to float on the 
surface of the medium; they remained quite flimsy and were 
difficult to handle a week after the addition of the epidermal 
cells. When placed in full -thickness graft beds on Lewis rats, 
they did not inhibit wound contraction. In all 5 grafts, the 
grafts had contracted to less than one-half the original width 
by 7 days, at which time the skin-equivalent grafts retained 
their original area. As shown in Fig 10, these grafts are reduced 
FIG 8. By 30 days after grafting, the structural organization of the 
sk in equivalent has become stabilized. The graft lacks hair follicles and 
sweat glands and t he collagen is organized into fine, tightly packed 
fibers. Bar= 0.1 mm. 
FIG 9. a, The hypertrophic epidermis of the 30-day graft overlies a 
dermis populated with condensed fibroblasts . The hyperplasia of the 
epidermis and the fibrobl asts persists for several months after grafting. 
Bar= 0.05 mm. b, This light micrograph illustrates the organization of 
the host skin adjacent to the 30-day graft shown in Fig 9a. Approxi-
mately 5 layers of cells form t he epidermis and condensed, well-
separated fibrocytes popu late the dermis. Bar= 0.05 mm. 
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FIG 10. Fourteen days after graftin g, a collagen gel overlaid with 
epidermal cells but lacking fibroblasts has contracted to form this 
raised, linear scar. The border of the adjoining host skin is indicated 
by the arrowhead. E = exudate of dead cells and petroleum jelly. Bar 
= 0.5 mm. · 
FIG 11. This montage of light micrographs illustrates the histologic 
organ ization of a skin equivalent 1 year after grafting to a Sprague-
Dawley rat. Unlike an elevated, hypertrophic scar, the surface of the 
graft remains level with the surrounding skin (compared with Fig 10). 
The junction between the graft and the skin (arrowhead) is smoofh 
and marked primarily by the absence of sweat glands and hair follicles 
within the gra ft. Bar= 0.5 mm. 
to raised, linear scars within 14 days. By contrast, only 15% 
(11 of74) of the grafted skin equivalents which contained either 
autologous or isologous fibroblasts contracted to form raised, 
linear scars afte r a month or longer on the rat . The vast 
majority of t he skin equivalents retained 50- 100% of the orig-
inal surface area after grafting. 
The skin equivalent maintains its basic structural organiza-
tion for at least 2 years after grafting to Sprague-Dawley rats. 
As shown in Fig 11 , the 1-year graft is the same height as the 
surrounding normal skin , but can be readily identified by the 
absence of secondary derivatives. The hypertrophy of the epi-
dermis (Fig 12a) is great ly reduced compared with the 1-month 
graph (Fig 9a) and the density of the fibroblasts approaches 
that of normal skin (Fig 96). When examined using polarized 
light, the collagen in the dermis of the 1-year graft displays a 
prominent basketweave pattern of birefringence (Fig 126 ). In 
the 2-year graft, the epidermis shows no hypertrophy, and the 
collagen in t he dermis maintains the basketweave pattern of 
birefrin gence. 
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DISCUSSION 
Both the epidermal and dermal regions of the skin equivalent 
play importa nt functiona l roles. After grafting, the multilayered 
epidermis spreads over the surface of the collagen lattice to 
fuse with the migrating tongue of epidermis from the host skin 
FIG 12. a, The fibropl asia and hypertrophy of the epidermis char-
acteristic of the 1-month graft (Fig 9a) are greatly diminished in this 
1-year graft. Numerous sheets of cornified keratinocytes have separated 
from the surface of the skin equivalent, giving rise to a scaly appearance 
at the macroscopic level. Bar= 0.05 mm. b, When the region of the 1-
year graft shown in Fig 12a is examined using polarized light, the 
collagen fibers of the dermis appear organized to form a prominent, 
basketweave pattern of birefrin gence. Bar = 0.05 mm. 
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(Fig 2). In grafted skin equivalents containing allogeneic epi-
dermis and fibrob lasts, we have observed that the sheet of 
a llogeneic epidermis becomes infiltrated with leukocytes and 
separates from the surface of the collagen lattice between 7 and 
9 days after grafting; t he grafted epidermis is replaced by an 
ingrowing sheet of host epidermis. We have never observed this 
pattern of overt epidermal replacement in t he grafted skin 
equivalents. The superficial, nucleated cells of t he epidermis in 
the 3-day grafts (Fig 3a) flatten and keratinize between 5 and 
7 days (Figs 4b, 5a), showing no discontinuities after the fusion 
of grafted and host epidermis. Since we do not have serologic 
markers to distinguish between the fema le donor epidermis and 
the male host epidermis and since karyotyping requires a large 
population of rapidly dividing cells, we cannot discount the 
possibility that t he grafted ep idermis is slowly replaced by t he 
host ep idermis. 
In contrast to rat liver parenchymal cells and mouse mam-
mary epithelial cells, which both differentiate well on floating 
gels of collagen extracted from rat tail tendons [19,20], we have 
found t hat rat epidermal cells do not grow well on collagen gels 
not populated with fibroblasts. Although rabbit ep idermal cells 
have been grow n on gels composed of collagen extracted from 
rabbit skin [21], t he fragility of such gels would probably limit 
their usefulness in skin grafting. F ibroblasts contract the col-
lagen matrix to fo rm a lattice t hat is firm enough to permit 
surgical manipulations [9,10]. The fibroblasts may synthesize 
molecules necessary to promote binding of t he epidermis to t he 
collagen since mouse 3T3 feeder fibroblasts synt hesize mole-
cules such as type IV collagen and lamin in [22], which promote 
the attachment and growth of epidermal cells [23,24]. In addi-
tion, human epidermal cells will form a continuous, multilay-
ered epidermis that invaginates into the lattice if it contains 
viable fibrobl asts. If t he lattice is irradiated with 60cobalt to kill 
t he fib roblasts prior to the addition of t he epidermal cells, the 
keratinocytes do not invaginate into t he lattice [25]. Fibroblasts 
thus play an important role in the skin equivalent by contract-
ing and organizing t he collagen lattice to increase its tensile 
strength and modifying it to promote t he growth and differen-
tiation of epidermal cells. 
The histologic reorganization in vivo of t he skin -equivalent 
grafts follows t he ge neral pattern described in Medawar's clas-
sical study of rabbit autografts: an initial period of vascu lari-
zation followed by a generalized hyperplasia of a ll of t he cellular 
elements of t he graft, and finally a period in which the cellular 
organization returns to that of normal skin [12]. In conven-
t ional autografts blood f1ow is reestablished in t he graft within 
3-4 days, either by a union of t he preexisting blood vessels of 
t he graft with t hose in t he graft bed of the host (1 2,13] or by 
t he replacement of graft blood vessels with vessels t hat grow in 
from the host graft bed [14,26]. Since skin-equivalent lattices 
are fab ricated without blood vessels, vascularization is com-
pletely dependent upon t he invasion of capillaries from blood 
vessels of t he host, a process which begins 3-5 days after 
grafting and is largely completed at 7 days. 
In conventional autografts, vascularization is fo llowed by an 
increase in t he density of fibrob lasts within t he dermis and a 
thickening of t he epidermis [1 ,14,15]. In t he skin equivalent, 
proliferation of the fibroblasts begins prior to vascularization, 
presumably in response to factors diffusing through the matrix. 
Metabolic activation of the fibrob lasts, by contrast, accompa-
nies vascularization of t he skin equivalent. Three to five days 
after grafting, t he majority of the fibroblasts in t he lattice 
appear metabolically inactive, with small , heterochromatic nu-
clei. After the lattice is vascularized, the cytoplasm of t he 
fibroblasts becomes more prominent and stains basophilically, 
suggesting an activation of the biosynthetic machinery of the 
cell. In areas of t he graft that are not penetrated with blood 
vessels, t he fibroblasts remain heterochromatic. This close 
association between vascularization and fibroblast activation 
suggests the action of a humoral factor with a limited range of 
diffusion. 
In conventional autografts, the fibroplasia is accompanied by 
a dissolution of t he collagen matrix of the graft and its gradual 
replacement by finer collagen fibers [15]. During the period of 
fibrob last activation in our skin-equivalent grafts, the collagen 
fibri ls of the initial lattice became organized to form a compact 
basketweave pattern of t hin fibers. By contrast, the pattern of 
normal, reticular dermis is formed by a loose meshwork of thick 
collagen fibers . We are currently grafting lattices prepared with 
tritiated collagen to determine the turnover time of the collagen 
matrix. 
At 30 days, the epidermis covering the Lewis grafts remains 
hypertrophic and the fibrob last density is still higher than in 
normal, reticular dermis, indicating that the period of hyper-
cellu larity is much longer than in conventional autografts 
[8,12]. In the autografted lattices applied to Sprague-Dawley 
rats, the level of hypercellularity is greatly diminished at 1 year 
and essentially gone at 2 years (Fig 12a). 
The fibrob lasts of the sk in equivalents are conserved durin a 
the extensive reorganization of the graft. By constructing ski~ 
substitutes using female fibroblasts from an inbred strain of 
rats and applying them to male rats of t he same strain, we have 
demonstrated that t he fibrob lasts of t he graft become perma-
nently integrated with the skin of the host [27]. 
The living skin equivalent that we have fabricated resembles 
a split-thickness autograft in the speed with which it is vascu-
larized and physically integrated with the skin of the host. The 
final size of the skin equivalent before grafting depends on t he 
number of fibroblasts and the amount of collagen combined in 
vitro. A graft of any siz~ can be thus constructed by growing 
the requ1red number of fibrob lasts in tissue culture. 
We would like to than k Helen Moore, Thomas Soranno and Loren 
Friedman for their excellent technical assistance. ' 
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Fibroblasts in Isogeneic Skin Equivalents Persist for Long Periods After 
Grafting* 
BARBARA E. HULL, PH.D., STEPHANIE E. SHER, PH.D., SEYMOUR ROSEN, M.D., DIANE CHURCH, B.S., AND 
EUGENE BELL, PH.D. 
Biology Department (BEH, SES, DC, EB), Massachusetts Institute of Technology, Cambridge, and Pathology Department (S R), Beth Israel 
Hospital, Haruard Medical School, Charles A. Dana Research Institute Boston, Massachusetts, U.S.A. 
We have fabricated skin equivalents by combining 
fibroblasts from female Fischer rats with collagen to 
form a lattice and overlaying the lattice with a suspen-
sion of epidermal cells. The epidermal cells attach and 
form a sheet which differentiates. These skin equiva-
lents were then grafted to male Fischer rats in order to 
follow the fate of the fibroblasts after implantation. 
Biopsies of the skin equivalent were taken between 9 
days and 13 months after grafting and examined histo-
logically or placed in tissue culture to permit karyotyp-
ing of the resident fibroblasts. Approximately 82% of 
the fibroblasts from the graft biopsied at 9 days were 
female, with this proportion decreasing sharply to 50% 
at 2 weeks and 60-64% at 1 month. At 1 month, this 
initial sharp drop is followed by a slow, linear decline 
which continues through the 13th month when 42% of 
the fibroblasts are female. ·We conclude that fibroblasts 
of the grafted skin equivalent become permanent resi-
dents of the skin of the host rat. 
A living skin equivalent developed in our laboratory for use 
in skin grafting is composed of a multilayered epidermal sheet 
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overlying a collagen lattice populated with fibroblasts [1,2]. 
Within 3-5 days after grafting onto Lewis rats, the fibroblast 
density in the skin equivalent increases dramatically [3]. In 
conventional rat-skin autografts, the fibroplasia that follows 
vascularization presumably results from an influx of host fibro-
blasts from the graft bed [4,5]. To demonstrate that the fibro-
blasts of our skin-equivalent grafts are not replaced by those 
from the host, it is essential to identify cells of the graft after 
implantation. The use of fibroblasts labeled with (:J.H]thymidine 
proved unsatisfactory since few labeled nuclei could be identi-
fied 5 weeks after grafting because of dilution of the label due 
to fibroblast proliferation or replacement of the grafted fibro-
blasts by host fibroblasts [1]. 
Construction of the skin equivalent with fibroblasts geneti-
cally distinct from the host's cells provides a way to identify 
descendents of the grafted cells. Although skin grafts trans-
planted from male and female rats of t he same inbred strain 
are often rejected, grafts from females to males survive [6-8]. 
In our laboratory, we have used fibroblasts obtained from 
inbred female Fischer rats to fabricate skin equivalents and 
applied them to male Fischer rats. The presence of cells with a 
female karyotype months after grafting would clearly indicate 
that the fibroblasts of the skin equivalent become permanently 
integrated within the skin of the host rat. 
MATERIALS AND METHODS 
The grafts were prepared as described previously [3] using female 
Fischer fibroblasts to construct skin equivalents t hat were applied to 
male Fischer rats. At t ime intervals ranging from 5 days to 13 months 
after grafting, the animal was anesthetized and the entire graft was 
excised. A portion of the graft was fixed in phosphate-buffered fo rmalin 
and embedded in paraffin for examination of the histologic organization 
of the biopsied graft. The central area of the graft was trimmed free of 
underlying host tissue and cut into 1-mm" pieces that were placed in 
